INTRODUCTION
O antigen ligation in Salmonella 5 extent it has been studied directly, the structure of the lipid A-core acceptor is important in ligation. In sv. Typhimurium, for example, the activity of the waaK gene product is required for ligation [15] . WaaK is the α-1,2-GlcNAc transferase that forms the terminal GlcNAc-1,2-GlcII motif in the outer core OS. Similar results were obtained with the structurally identical ligation site in the R2 core OS of E. coli [13] . However, structural analysis of the core OS of sv.
Arizonae IIIA [9] showed that some LPS molecules possessed linked O antigen but lacked the corresponding α-1,2-linked Glc-1,2-GlcII motif formed by the α-1,2-Glc transferase, WaaH [10] ( Figure 1A ). Therefore, either the ligation machinery in sv. Arizonae IIIA has a different specificity or, as speculated by Olsthoorn et al. [9] , some molecules are processed (post-ligation) to remove the substituent. To address these open questions regarding ligase specificity, we have investigated the requirement for a specific core OS acceptor of O antigen for prototype WaaL proteins in Salmonella. Table I . The Salmonella Reference Collection (SARC) contains different strains that exemplify different subspecies that make up the genus Salmonella [16] . In this collection, there are two isolates representing each of the subspecies and these isolates have been categorized based on multi-locus enzyme electrophoresis (MLEE) analysis. For example, SARC 1 and SARC 2 represent subspecies I, SARC 5 and SARC 6 represent subspecies IIIA (Arizonae), and SARC 7 and SARC 8 represent subspecies IIIB (Diarizonae). All strains were grown at 37°C in Luria-Bertani (LB) medium, supplemented as appropriate with ampicillin (100 µg/ml), chloramphenicol (30 µg/ml), gentamicin (30 µg/ml), kanamycin (50 µg/ml), streptomycin (100 µg/ml) or tetracycline (100 µg/ml) (Sigma). Gene expression from pBADderivative plasmids was induced with 0.02% L-arabinose. For selection in allelic exchange experiments with the suicide-delivery vector, pWQ173 [17] , bacteria were grown at 45 °C on YEG-Cl media containing 2 g/L of the analogue p-chloro-phenylalanine [17, 18] .
DNA manipulation -DNA fragments cloned in pBAD24, pBAD18, pWQ173 and pRE112 were obtained by PCR amplification, using primers incorporating appropriate restriction sites to CCCAATCTAGACTATATTTATACTGAGACC-3′ (XbaI). Primers used for construction of pWQ308 and pWQ309 (containing waaK) were 5′-CTGGATTGAATTCATAATGATTAAAAAAT-3′ (EcoRI) and 5′-CCTAGGCAGGATCCAATCACTTCTCAAAC-3′ (BamHI). Primers used for the construction of pWQ310, pWQ311, pWQ312, and pWQ313 containing cloned waaL genes were 5′-CCTATTGTGAATTCAAGATGCTAACC-3′ (EcoRI) and 5′-AAGGTATCTAGACGTTTTTTTATTTATTTC-3′ (XbaI). The plasmids pWQ314 and pWQ315 were constructed by digestion of pWQ307 and pWQ308 with NheI and XbaI and the fragment containing the waaH (pWQ307) or waaK (pWQ308) gene was purified and cloned into pBAD18-Km [20] . The waaK gene was also cloned into pBADHisB which incorporated a Nterminal hexahistidine (His 6 ) tag. This was done by digesting pWQ315 with EcoR1 and HindIII and cloning into the multiple cloning site of the pBADHisB vector (Invitrogen). Site-directed mutagenesis of the waaK gene was carried out using the QuikChange Site-Directed Mutagenesis Kit from Stratagene. The template for PCR was pWQ315, and the primers used were 5′-TCAGGTTGAAGCAGCATTTTGCATGGTGGCTGTAGCAGCGATGGCAGCAGG-3′ and 5′-TGCCATCGCTGCTACAGCCACCATGCAAAATGCTGCTTCAACCTGAGATGGC-3′.
The various constructs were verified by sequencing the complete open reading frame. From here, the resulting plasmid was digested with EcoRI and HindIII and the fragment carrying waaK was cloned into the pBADHisB vector, adding a N-terminal hexahistidine (His 6 ) tag to the gene product. Plasmid pWQ318 was constructed by using the forward primer used to construct pWQ310 (see above) and the primer 5′TGATCTCTAGATTAGTGGTGGTGGTGGTGGTGTTTATTTCTTAGCGCCAGCAGAAA ACCGGTAATG3′ (XbaI) thus incorporating a C-terminal His 6 Examples with known activity include the outer core OS glycosyltransferase WaaB (UDPgalactose:(glucosyl) LPS α1,6-galactosyltransferase) ( Figure 1A ) in S. enterica [35] and inner core OS α-heptosyltransferases (WaaC and WaaF) [13] . The E(X 7 )E motif is also found in some β-glycosyltransferases, including WaaX and WaaV involved in biosynthesis of the type R1 and R4 outer core OS in E. coli [36] . Although the precise role of the motif is unknown, its conservation suggests an important role in glycosyltransferase structure-function [37] . In an attempt to eliminate catalytic activity in WaaK, the two conserved glutamate amino acids E 288 (AFCMVAV)E 296 were replaced with alanine residues. Plasmid pWQ316 (expressing His 6 -WaaK from the SARC 1 isolate) and plasmid pWQ317 (expressing the mutant His 6 -WaaK (pWQ317) and the control TOP10 (pBADHisB) were separated by PAGE and examined by western blot analysis using anti-His 6 antibodies ( Figure 2C ). Although WaaK-related protein bands were difficult to visualize in Coomassie-blue stained gels, despite the use of an expression vector, they were readily detected in the corresponding western blot. Polypeptides migrating with an apparent molecular mass consistent with that predicted for His 6 -WaaK SARC1 (48,082 Da) were evident in the membrane fraction ( Figure 2C ). These results are consistent with the ligation machinery in S. enterica sv. Typhimurium requiring a terminal GlcNAc-1,2-GlcII motif.
To investigate the possibility that another glycose substitution could functionally replace the terminal GlcNAc residue, plasmid pWQ307 expressing the functional waaH gene from S.
enterica sv. Arizonae IIIA was transformed into SL733. The waaH gene product has been established as the Glc-transferase that assembles the GlcIII-1,2-GlcII terminal structure in sv.
Arizonae IIIA core OS [10] ( Figure 1A ). Expression of waaH in SL733 results in a shift of the migration of the lipid A-core in PAGE, reflecting the expected addition of a single Glc residue ( Figure 2B ). However, this core modification did not restore proficiency for O-antigen ligation, indicating that in sv. Typhimurium, ligation of O antigen is dependent on a specific terminal structure (GlcNAc-1,2-GlcII).
Salmonella enterica sv. Arizonae IIIA SARC 6 does not require WaaH-activity for O-antigen ligation -Given the essential requirement for GlcNAc substitution of GlcII for ligation in sv.
Typhimurium, the structural results [9] that indicated only partial substitution of GlcII in sv.
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Arizonae IIIA LPS molecules carrying O antigen were intriguing. One possible explanation is that WaaH activity is essential for ligation but its core OS product is subsequently processed in some molecules. To test this hypothesis, a chromosomal waaH::aacC1 mutation (strain CWG618) was constructed in the SARC 6 representative of sv. Arizonae IIIA. As shown in the LPS PAGE profiles in Figure 3 , the mutation in waaH has no effect on biosynthesis locus was supplied on a plasmid (data not shown), indicating that here too the ligation is independent of modification of GlcII. Notably, the sequences of the waa gene clusters from SARC 5 and SARC 6 have the same organization and the corresponding waaH gene products are highly conserved (83 % identity and 90 % similarity) [10] .
Salmonella enterica subspecies IIIB isolate SARC 8 requires a terminal GlcNAc for O-
antigen ligation -The SARC 8 isolate (a representative of subspecies IIIB) contains both the waaK and waaH genes in the waa cluster and sequence data predicts both potentially encode complete and functional proteins [10] . However, it is not known if both proteins are expressed, or if both enzymes are active. In terms of waa-locus structure, SARC 8 is a hybrid of sv. the waaK mutation in CWG619 and was restored by complementation with the waaK gene from either SARC 8 or SARC 1 ( Figure 4B ).
This data does not address the possible simultaneous biosynthesis of a core OS modified by WaaH, which would presumably no longer serve as an acceptor for WaaK and, as a result,
would not be a suitable ligation acceptor. The structure of the core OS from CWG619 (SARC 8
waaK) was therefore examined with the expectation that elimination of a potentially competing GlcNAc transferase would increase the probability of detecting any products formed by the WaaH Glc-transferase. The LPS was N,O-deacylated by treatment with aqueous KOH and the single major oligosaccharide was isolated and its structure was determined by NMR. A set of 2D spectra was recorded and fully interpreted (Table II and WaaL SARC6 was expected, since they are unaffected by the substitution status of GlcII.
However, the positive complementation by WaaL SARC1 and WaaL SARC8 was entirely unanticipated.
The SARC 1 and SARC 8 ligases require GlcNAc-1,2-GlcII in their natural genetic background but CWG620 contains only remnants of the waaK gene necessary for formation of this structure [10] and the genetic data is entirely consistent with the structure of the complete core OS from sv. Arizonae IIIA [9] (Figure 1 Some lipid A-core acceptors require specific glycose residues for O-antigen ligation [13, 15] and the ligase enzyme has been proposed to play a part in recognizing those residues [13] . It is clear from these studies using core OSs from sv. Unfortunately, there is no detailed structure-function information for this family of glycosyltransferases to facilitate interpretation the sequence differences. The importance of smooth LPS in the biology of Salmonella (and the critical role of WaaK-modified core OS for ligation competence in some isolates) may provide the driving force for selection of the waaH deletions and frameshift mutations frequently identified in isolates that also have functional waaK genes [10] . These observations underscore the importance of the ligation process in bacterial survival within the host and reinforce the possibility that this complex reaction could be exploited for novel therapeutic approaches. 
